The electrical and optical properties of semiconductors are mainly governed by the electronic band structure ͑EBS͒ in the vicinity of the absolute valence-band maximum and conduction-band minimum. In heteroepitaxial layers, the EBS of the film material can be strongly modified because of the strain, which is present due to the mismatch of the lattice constants as well as the thermal expansion coefficients between the film and substrate. To correctly predict the optical transition energies and polarization properties of the strained film, it is important to determine the dependence of the EBS modification on in-plane strain. For the wurtzite crystal structure, the strain-induced EBS modification in the vicinity of the ⌫ point can be theoretically estimated by adopting the k · p perturbation approach outlined by Bir and Pikus. 1 Since we are only interested in the transition energies at the ⌫ point, the number of required parameters in the k · p perturbation approach is reduced to the crystal-field ͑⌬ cr ͒ and spinorbit ͑⌬ so ͒ splitting energies and six distinct deformation potentials D 1 -D 6 .
For materials with the wurtzite crystal structure, ⌬ cr and ⌬ so are usually deduced from the differences of the A-, B-, and C-exciton transition energies ͑for strained samples we will use the notation T 1 , T 2 , and T 3 in order of increasing energy͒, while the deformation potentials are determined from strain-dependent measurements. For GaN, a large number of values for ⌬ cr , ⌬ so , and D 5 , are reported in the literature, which are derived from both first principle calculations and experimental data. [2] [3] [4] [5] The exciton transition energies, which are used to obtain ⌬ cr , ⌬ so , and D 5 , can vary significantly from sample to sample because of the residual strain in the films, which depends on the film thickness, the growth technique, and the respective substrate. For optical spectra of GaN layers, the average strain mainly determines the energies of the excitonic transitions, while the crystal quality and built-in strain mainly influences the width and shape of the excitonic features through the inhomogeneous contribution to the strain distribution.
To improve the accuracy of ⌬ cr , ⌬ so , and D 5 , we have first investigated the optical properties of a high-quality, unstrained C-plane GaN layer grown on bulk GaN near the fundamental band gap to determine the exciton transition energies, which are directly related to ⌬ cr and ⌬ so . Second, we use photoreflectance ͑PR͒ spectroscopy to study the EBS modification of M-and A-plane GaN films for different inplane strain values. The experimentally observed transition energies and polarization properties of four different samples are compared with the calculated ones using the k · p perturbation approach with the improved values for ⌬ cr and ⌬ so . In this way, we obtain a more accurate estimate of the deformation potential D 5 .
A 1-m-thick C-plane GaN film ͑sample I͒ was grown by plasma-assisted molecular-beam epitaxy ͑PAMBE͒ on a commercially available 200-m-thick GaN template. In addition, we investigated four samples with a nonpolar orientation including a 1.22-m-thick ͑sample II͒ and a 0.7-m-thick M-plane GaN film ͑sample III͒ also grown by PAMBE on ␥-LiAlO 2 ͑100͒ substrates. 6, 7 High-resolution triple-axis x-ray diffraction ͑XRD͒ measurements performed at 295 K reveal that sample I is unstrained ͑⌬a / a Ͻ 10 −4 ͒, while sample II ͑III͒ has an out-of-plane dilation ⑀ yy = 0.29% ͑0.42%͒ with x, y, and z being parallel to the ͓1120͔, ͓1100͔, and ͓0001͔ directions, respectively. The A-plane GaN films consist of a 0.2-m-thick AlN nucleation layer followed by a 1-m-thick, undoped GaN film grown by metal-organic vapor-phase epitaxy ͑MOVPE͒ on A-plane SiC ͑sample IV͒ and R-plane sapphire ͑sample V͒. XRD measurements demonstrate that sample IV ͑V͒ has an out-ofplane dilation ⑀ xx = 0.04% ͑0.09%͒. A detailed description of the growth conditions and the postgrowth characterization of the MOVPE films can be found in Refs. 8 and 9.
The reflectance and PR measurements were carried out at near normal incidence between 6 and 10 K. For the PR measurements, the pump beam at 300 nm ͑4. PR probe was derived by dispersing the light from a 75 W Xe lamp with a 0.64 m monochromator and polarizing it with a Glan-Taylor prism. The reflected light was detected by a silicon photodiode using standard lock-in techniques.
The reflectance spectrum for sample I at 10 K is shown in Fig. 1 . It exhibits very sharp resonances due to the free A, B, and C excitons. The reflectance spectrum is fitted with a Lorentzian line shape
where X denotes the exciton A, B, or C, Re the real part of the function, R X the reflectance, E X the corresponding transition energy, and ⌫ X a broadening parameter. ⌰ X is a phase factor, which accounts for the mixture of the real and imaginary components of the dielectric function as well as the influence of nonuniform electric fields, while R 0 corresponds to the background. The transition energies obtained for sample I are E A = 3.478, E B = 3.483, and E C = 3.501 eV. These values agree well with corresponding exciton transition energies measured for unstrained films grown on GaN substrates.
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To determine ⌬ cr and ⌬ so from the exciton transition energies for unstrained C-plane GaN film, we apply Hopfield's quasicubic model developed for the wurtzite crystal structure. 14 The relation between the differences ␦ X,Y = E X − E Y in the exciton transition energies and the splitting energies is given using ␦ + = ␦ C,A and ␦ − = ␦ B,A by
Solving the above equations for ⌬ − = ⌬ cr and ⌬ + = ⌬ so leads to
Using the values for E X given above, we obtain ⌬ cr = 9.2 meV and ⌬ so = 18.9 meV. While the spin-orbit splitting energy is in good agreement with values in the literature, there is a wide variation in the values obtained for the crystal-field splitting energy, since this energy is more strongly affected by strain. 5 However, our value for ⌬ cr is in very good agreement with the one given by Stȩpniewski et al., 11 which was also obtained for homoepitaxial GaN.
Figures 2͑a͒-2͑c͒ display the PR spectra for samples III, IV, and V, respectively, measured at 10 K for light linearly polarized parallel ͑E ʈ c͒ or perpendicular ͑E Ќ c͒ to the c axis in the film plane. In addition to the z axis, the x axis ͑y axis͒ lies also in the film plane for M plane ͑A-plane͒ GaN films. The PR spectra have a complex line shape, which is dominated by excitonic features. However, on the lowenergy and high-energy sides of the PR spectra, these features are superimposed by interference fringes and FranzKeldysh oscillations, respectively. To extract the exciton transition energies from the PR spectra, we use the first derivative of a Gaussian oscillator and exclude the regions of interference fringes and Franz-Keldysh oscillations for the fit. For sample III, the PR spectra in Fig. 2͑a͒ reveal a single transition at 3.504 eV for E Ќ c, while another transition appears at 3.558 eV for E ʈ c. For sample IV, the situation is altogether different. Here the measurements shown in Fig.  2͑b͒ suggest a single transition at 3.463 eV for E Ќ c and two transitions at 3.493 and 3.514 eV for E ʈ c. For sample V, the measurements shown in Fig. 2͑c͒ reveal that there is a single transition at 3.493 eV for E Ќ c and two transitions at 3.499 and 3.531 eV for E ʈ c. All experimental values for the transition energies and out-of-plane dilation of samples III-V are listed in Table I . In addition, the values for sample II taken from Ref. 4 are also included.
A systematic approach to accurately determine the deformation potential D 5 is the reproduction of the transition energies and polarization properties of the resonant features observed in the PR spectra for all four films with a nonpolar orientation listed in Table I using the k · p perturbation approach presented in Ref. 4 with a single set of parameters. We vary the deformation potential D 5 over a range of values and find that D 5 = −3.6 eV results in the best agreement of the measured and calculated transition energies taking into account the oscillator strengths and the out-of-plane strain. All parameters except ⌬ cr , ⌬ so , and D 5 are taken from Ghosh et al. 4 The resulting transitions energies and relative oscillator strengths f ␤ , where ␤ = x, y, and z, are compiled in Table  I . A value of 1 for the oscillator strength corresponds to a completely linearly polarized transition.
For sample II, the transition energies calculated for the strain values of ⑀ xx = −0.73% and ⑀ zz = −0.22% agree very well with the measured ones. The calculated oscillator Photoreflectance spectra of ͑a͒ sample III, ͑b͒ sample IV, and ͑c͒ sample V measured for light polarizations E ʈ c ͑circles͒ and E Ќ c ͑squares͒ at 10 K. The solid lines indicate the fits described in the text for the energy ranges marked by the vertical dashed lines. The resulting energies for the T 1 , T 2 , and T 3 transitions are marked by E T 1 , E T 2 , and E T 3 , respectively, and listed in Table I . For clarity, the PR spectra for E ʈ c in ͑a͒ are shifted vertically by 4 ϫ 10 −4 , while the shift in ͑b͒ and ͑c͒ is 2 ϫ 10 −4 .
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strength of f x = 0.98 ͑f z = 0.94͒ suggests that the T 1 ͑T 2 ͒ transition is almost completely x polarized ͑z polarized͒. Because of the smaller thickness of sample III in comparison to sample II, ⑀ yy in sample III is significantly larger than in sample II ͑cf. Table I͒ . The calculated and measured transition energies are in excellent agreement for ⑀ xx = −0.91% and ⑀ zz = −0.30% ͑comparable to the lattice mismatch between the film and substrate along the c axis͒, revealing that sample III has a larger biaxial, anisotropic in-plane strain than sample II. As expected, the transition energies of sample III are shifted to higher values due to the larger compressive strain. As for sample II, the calculated oscillator strength f x = 0.98 ͑f z = 0.97͒ of sample III suggests that the T 1 ͑T 2 ͒ transition is completely x polarized ͑z polarized͒. The transition between the conduction band and the third highest valence band, which gives rise to the T 3 transition, is y polarized for samples II and III. Under normal incidence, this transition is not accessible for M-plane films. The polarization properties of samples IV and V are quite different from the ones of samples II and III, because the in-plane strain in the former samples is considerably smaller than in the latter ones. In samples IV and V, two transitions appear for E ʈ c in contrast to samples II and III, while one transition is again measured for E Ќ c. The calculated energies agree with the measured ones within the experimental accuracy of about 5 meV. According to the calculated oscillator strengths, the single transition for E Ќ c is almost completely y polarized ͑note the different in-plane axes because of the A-plane orientation͒, while the two transitions observed for E ʈ c are due to a significant oscillator strength of the transitions T 2 and T 3 for z polarization. Note, however, that for sample IV f z for T 2 is still rather small, which needs further investigation. The resulting in-plane strain values for sample IV ͑V͒ are ⑀ yy = −0.29% ͑−0.17% ͒ and ⑀ zz = 0.21% ͑−0.14% ͒.
In conclusion, we have accurately determined the values for the crystal-field ͑9.2 meV͒ and spin-orbit splitting energies ͑18.9 meV͒ from the differences in the exciton transition energies of an unstrained C-plane GaN film. Using polarized PR spectroscopy, we have measured the exciton transition energies and polarization properties for several GaN films grown along different nonpolar orientations exhibiting different in-plane strain values. The improved values for the splitting energies are used to calculate the EBS modification due to strain. The comparison of the calculated transitions energies, oscillator strengths, and out-of-plane strain with the experimental results of four different samples leads to a deformation potential D 5 = −3.6 eV.
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